Introduction
Boron is an essential trace element in plants and is widely used in various fields, such as electronics, nuclear engineering, alloys, and organic synthesis. However, excess boron is toxic for not only plants but also mankind and wildlife. Therefore, the World Health Organization recommends a boron level of 2.4 mg L -1 for drinking water. 1 Recently, the boron concentration in waste water was regulated by the environmental regulation in 2010 in Japan where the allowance levels of 10 and 230 mg L -1 as boron were established in a non-sea area and a sea area, respectively.
Various analytical methods for the determination of boron, such as spectrophotometry, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] fluorometry, 13, 14 electrothermal atomic absorption spectrophotometry, 15, 16 inductively coupled plasma optical emission spectrometry, 17, 18 inductively coupled plasma mass spectrometry, 19, 20 and neutron activation analysis, 21, 22 have been used in various fields. Since these methods are based on the comparative method with calibration standards or calibration curves, they cannot escape from matrix effect caused by sample matrices.
Moreover, in the pre-separation of boron from sample matrices, the quantitative recovery or the correction of the recovery are always required.
Isotope dilution mass spectrometry (IDMS) is an accurate, precise, and absolute quantification method. Recently, an inductively coupled plasma mass spectrometer (ICP-MS), especially a low resolution quadrapole type, has been significantly developed and is convenient for the measurement of trace elements and isotopes in solution samples. There are several papers concerning IDMS of boron by ICP-MS. [23] [24] [25] [26] [27] [28] [29] [30] Since boron has two stable isotopes, 10 B and 11 B, which are easily fractionated by variety of natural and artificial processes, the isotopic abundance is dependent on each sample to be analyzed and has to be accurately determined by the ICP-MS calibrated using boron isotopic standards, e.g., NIST SRM 951 and IRMM-611, prior to the quantification by IDMS. However, the difficulty of the accurate determination of the isotopic abundance of boron has been pointed out because of the interference from 12 C + 25,29,30 or the influence of co-existing ions like Na + 28 in the ICP-MS measurements. Substoichiometric isotope dilution mass spectrometry (SIDMS), which consists of substoichiometric separation of an element in question and only measurement of an proper isotope with a mass spectrometer, has several advantages, [31] [32] [33] i.e., (1) the quantitative recovery of the element is not required, (2) no calibration standards or curves are necessary, (3) measurement of isotopic abundance is not necessary, and (4) correction for the mass discrimination in the mass spectrometer is not necessary. Therefore, the analytical procedure in SIDMS is much more simple and rapid than that in general IDMS. Thus far the substoichiometric separation of boron has not been studied, so the stoichiometry of complexation and the extraction equilibrium of boric acid have to be clarified. Several studies concerning solvent extraction of boric acid have been reported using various salicyl alcohol derivatives, [34] [35] [36] [37] [38] [39] but the extraction equilibrium was not clarified, so that no extraction constant was given. In our previous paper, 40 the extraction of boric acid with salicyl Novel salicyl alcohol derivatives (H2Xnsal), 5-bromo-, 3,5-dibromo-, and 3,5-diiodosalicyl alcohol which were abbreviated to H2Brsal, H2Br2sal, and H2I2sal, respectively, were synthesized and used for the selective extraction of boric acid. Boric acid was extracted with each H2Xnsal into chlorobenzene containing trioctylmethylammonium chloride (TOMACl) as an ion-pair complex, TOMA·B(Xnsal)2, at a different pH range. The extraction constant (Kex) of boric acid was determined by the equilibrium analyses including the formation of hydrogen-bonded complex of each H2Xnsal with TOMACl in the organic phase. The Kex values obtained by salicyl alcohol (H2sal) and its derivatives were decreased in the order of H2I2sal ≥ H2Br2sal > H2Brsal > H2sal. The most powerful extractant, H2I2sal, was employed for the substoichiometric extraction of boric acid, which was extracted at pH 5 -9 with a substoichiometric amount of TOMACl in the presence of an excess of H2I2sal. The present substoichiometric separation method combined with the stable isotope dilution analysis using inductively coupled plasma mass spectrometry (ICP-MS) could be successfully applied to the determination of boron in a reference material of high-analysis compound fertilizer (FAMIC-A-08) without any correction as to the isotopic abundance. alcohol (H2sal) and some organic cations such as trioctylmethylammonium chloride (TOMACl), tetrahexylammonium bromide, and tetraphenylphosphonium bromide was studied using various organic solvents. It was found that the solvents having higher polarity, such as o-dichlorobenzene and chlorobenzene, and the organic cations having higher hydrophobicity, such as TOMACl, gave higher extractability.
In the present work, novel halogenated salicyl alcohol derivatives (H2Xnsal) shown in Fig. 1 are synthesized as extractant for boric acid and their properties such as acid-dissociation, two-phase distribution, and hydrogen-bonding with TOMACl are investigated in order to clarify the equilibria in the H2Xnsal-TOMACl-chlorobenzene system. The extraction equilibrium of boric acid with H2Xnsal and TOMACl is studied in detail, and the stoichiometry of the extracted borate complex as well as the extraction constant are determined. Under the optimum conditions deduced from the extraction constant, the substoichiometric extraction of boric acid with 3,5-diiodosalicyl alcohol (H2I2sal) and TOMACl was investigated and employed for the substoichiometric isotope dilution mass spectrometry of boron using the ICP-MS. The present analytical method is applied to the determination of boron in a reference material of high-analysis compound fertilizer (FAMIC-A-08) to verify the simplicity, reliability, and applicability.
Experimental

Reagents and chemicals
A standard solution of boric acid was prepared by dissolving pure boric acid (Suprapur, Merck) in high purity water. Chlorobenzene (GR, Sigma-Aldrich) was used as obtained or dried by molecular sieves (3A 1/8, Wako) in FT-IR measurements. Boron-10 as B(OH)3 (99.54 atom % 10 B) was purchased from Aldrich. Salicyl alcohol and TOMACl (Aliquat336) was purchased from Sigma. Other chemicals used were of analytical or guaranteed reagent grade. High purity deionized water (18.2 MΩ) processed by a Milli-Q system (Millipore) was used throughout this work.
Synthesis of 5-bromosalicyl alcohol (H2Brsal) followed the literature. 41 A solution of salicyl alcohol (23 mmol) in 95:5 1,2-dichloroethane:methanol was cooled on ice for 30 min. Br2 (19 mmol) in dichloromethane was added dropwise to the solution and the mixture was stirred for 2 h at 0 C. The resulting solution was washed with water until a neutral aqueous phase is obtained, and then evaporated. The solid obtained was purified by recrystallization from ethyl acetate/hexane to give a white solid (1.0 g, 4.9 mmol, 26% yield). 1 Synthesis of H2I2sal followed the literature. 43, 44 Acetic acid (12 mL) and phosphoric acid (12 mL) were added to a solution of salicyl aldehyde (50 mmol) in ethanol. Then KIO3 (25 mmol) and I2 (50 mmol) were added to the solution and the mixture was stirred overnight at 70 C. After the reaction mixture was poured into a 10% KI solution, a solid product (diiodosalicyl aldehyde) was filtered, washed with water, and reduced in a manner similar to that for dibromosalicyl aldehyde to give a pale yellow solid (4.5 g, 12 mmol, 24% yield). 
Apparatus
A UV/Vis spectrophotometer (JASCO V-630) was used for the determination of boric acid and for the measurements of absorption spectra of salicyl alcohol derivatives. A pH meter (Horiba, Model F-52) equipped with a combination glass electrode (Horiba, 9611-10D) was calibrated by standard buffer solutions. An FT-IR spectrophotometer (JASCO, FT/IR-4200) equipped with a liquid cell (CaF2 windows, path length 1 mm) was used for the measurement of absorption spectra of salicyl alcohol derivatives in the presence of TOMACl. An ICP-MS (Seiko, SPQ-9000) equipped with a PCTFE chamber and a Pt-Rh nebulizer was used for the measurement of 10 B + and 89 Y + as an internal standard.
Procedures
Distribution of salicyl alcohol derivatives. An aliquot of an aqueous solution containing 1 mM H2Xnsal, 1.0 × 10 -1 M NaCl, and 1.0 × 10 -2 M pH buffer was shaken for 1 h with chlorobenzene at 25 ± 1 C. After the two phases were separated by centrifugation, the pH in the aqueous phase was determined. An aliquot of the aqueous phase was diluted with 0.1 M HCl, and then the absorbance of the solution was measured at the maximum absorption wavelength for each derivative. Salicyl alcohol derivatives in the organic phase were determined in the same manner after back-extraction with 0.1 M NaOH solution containing 0.1 M NaClO4. The distribution ratio (DR) of H2Xnsal was calculated from the concentrations in the two phases. Extraction of boric acid. In a centrifuge tube made of polypropylene, an aliquot of an aqueous solution containing various concentrations of boric acid, 1.0 × 10 -1 M NaCl, and 1.0 × 10 -2 M buffer and chlorobenzene containing various concentrations of H2Xnsal and TOMACl were placed; the tube was shaken for 1 h at 25 ± 1 C. After centrifugation, the pH in the aqueous phase was measured. The boron concentration in the aqueous phase was measured by spectrophotometry using chromotropic acid 3 or by ICP-MS, while that in the organic phase was determined in the same manner after back-extraction of boron with 0.1 M HCl. The distribution ratio (D) of boron was calculated from the concentrations in the two phases.
Sample treatment for high-analysis compound fertilizer.
Leaching boric acid from a high-analysis compound fertilizer was performed according to the official method of the Food and Agricultural Materials Inspection Center (FAMIC). About 0.2 g of a sample was taken in a 50-ml volumetric flask (made of polypropylene). A 30-ml portion of 20 mg mL -1 citric acid monohydrate solution was added to the volumetric flask and the mixture was shaken for 1 h at 25 C. After the dilution in the volumetric flask with water, the solution was filtered. A 3.0-ml portion of the filtrate was taken to use as a test solution. Substoichiometric isotope dilution mass spectrometry. An appropriate amount of a 10 B(OH)3 spike solution was added to a test solution to prepare that referred to as the mixture. A 5-ml portion of the aqueous phase containing the mixture (3.0 ml), 0.1 M ethylenediaminetetraacetic acid (EDTA), and a buffer at pH 7.0 was shaken with a 5-ml portion of the organic phase containing an excess amount of H2I2sal and a substoichiometric amount of TOMACl at 25 ± 1 C for 1 h. Both the test solution and the spike solution were also subjected to the substoichiometric extraction under the same conditions. The boron extracted into the organic phase was stripped by 0.1 M HNO3 containing Y(NO3)3. After phase separation, the aqueous phase was subjected to the ICP-MS for measuring 10 B + and 89 Y + , and the ratio of the counting rates, cps( 10 B + )/cps( 89 Y + ), was calculated.
Results and Discussion
Distribution equilibrium of salicyl alcohol derivatives
The distribution ratio of H2Xnsal between the organic and the aqueous phase was investigated as a function of pH in the aqueous phase at the ionic strength (I ) of 0.1 to determine the equilibrium constants for H2Xnsal. Figure 2 shows the plots of log DR vs. pH for H2Xnsal and H2sal for comparison. Since typical distribution behavior of a monoprotic week acid is given in every derivative, the distribution ratio can be written as follows:
where the subscript, org, denotes organic phase, and KD and Ka stand for the distribution constant and the acid-dissociation constant, respectively. The values of KD and Ka were calculated by a nonlinear least-squares method based on Eq. (2) using the data in Fig. 2 and shown in Table 1 (2nd and 3rd columns). The pKa values obtained were in good agreement with those obtained by spectrophotometry in the aqueous solution (data are shown in Supporting Information), indicating the validity of not only pKa but log KD. The pKa of H2Xnsal is decreased by the halogen substitution, as expected from the electron withdrawing effect of the halogen groups. 45 Furthermore, the halogen substitution of H2sal brings about the significant increase in log KD of H2Xnsal, which can be estimated by means of the hydrophobic parameter (π) of the halogen groups; 0.86 for Br and 1.12 for I. 46 Figure 2 also shows the effect of TOMACl on the distribution of H2Brsal and H2sal. The DR values of both compounds are enhanced by TOMACl not only in higher pH region but also in the lower region. Since H2Xnsal readily dissociate in the higher pH region, the anionic species formed can be extracted with TOMACl in chlorobenzene as an ion-pair of TOMA·HXnsal at the pH value higher than pKa of the salicyl alcohols. On the other hand, the enhancement of log DR in the acidic region does not depend on pH. Therefore, this phenomenon should be attributed to the interaction between neutral H2Xnsal and TOMACl in the organic phase. Because H2Xnsal has two hydroxy groups, it is expected that the hydrogen bonding can occur between H2Xnsal and chloride moiety of TOMACl.
To confirm this assumption, we measured the IR absorption spectra of H2Xnsal in the OH-stretching vibration region in the presence or absence of TOMACl in chlorobenzene. Figure 3 shows the IR spectra of 1.0 × 10 -2 M H2Brsal in the presence of varying concentrations (2 × 10 -3 -2 × 10 -2 M) of TOMACl (spectra of other H2Xnsal are shown in Supporting Information).
The absorption bands at 3577 and 3396 cm -1 are assigned to the phenolic and the alcoholic O-H stretching vibration, respectively. The absorbance of these bands gradually decreases with increase in the TOMACl concentration, while a broad O-H band appears in the shorter wavenumber region and gradually increases. These spectral changes are clear evidence of the hydrogen bonding of the hydroxy groups of H2Brsal. Furthermore, since an isosbestic point is observed at 3223 cm -1 in Fig. 3 , there is an equilibrium between free H2Brsal and that hydrogen-bonded with TOMACl. Therefore, the rise in log DR observed at lower pH in Fig. 2 is ascribable to the association of H2Brsal or H2sal with TOMACl by the hydrogen bond in the organic phase.
Equilibrium analysis of association of extractants
A mole-ratio method was applied to determine the composition of hydrogen-bonded complexes of H2Xnsal with TOMACl. Figure 4 shows the change in the absorbance of 1.0 × 10 -2 M H2Xnsal as a function of the ratio of moles of TOMACl to those of H2Xnsal. The equivalent point is given by an intersection of the two straight lines as follows: 0.57 for H2sal, 0.53 for H2Brsal, 0.54 for H2Br2sal, and 0.54 for H2I2sal. Therefore, the mole ratio of TOMACl to each of salicyl alcohol derivative is l:2 in the hydrogen-bonded complex. Two molecules of H2Xnsal which acts as a hydrogen-bond donor bind to one chloride ion which acts as a hydrogen-bond accepter in TOMACl. Similar hydrogen bond formation between chloride ion and phenols 47 or benzyl alcohol 48 has been reported. To calculate the extraction constant of boric acid, one needs the equilibrium concentration of H2Xnsal and TOMACl in the organic phase. Hence, the association constant of the extractants was determined using the data in Fig. 4 . The association reaction in the organic phase and the association constant (Kass) can be written as follows:
The absorbance in Fig. 4 can be related to the equilibrium concentration of the two extractants, i.e.,
where εH 2Xnsal and εass denote the molar absorptivity of H2Xnsal and the hydrogen-bonded complex, respectively. The Kass value was calculated by a nonlinear least-squares method using the data ranging from 0 to 0.8 of the mole ratio of TOMACl to H2Xnsal in Fig. 4 . As shown in Table 1 (5th column), the Kass value obtained increases in the following order: H2Br2sal ≤ H2sal ≈ H2I2sal < H2Brsal. This order is probably associated with the hydrogen bonding ability of the salicyl alcohols, which depends on the acidity (pKa) and the intramolecular hydrogen bond or steric hindrance of the halogen atom at 6-position of phenol ring. 49 
Extraction equilibrium of boric acid
The extraction of 4.0 × 10 -4 M boric acid with 4.0 × 10 -3 M H2Xnsal and 4.0 × 10 -3 M TOMACl was carried out. It was ascertained that the extraction equilibrium is reached after shaking for more than 5 min in the H2sal system and for more than 20 min in the H2Br2sal and H2I2sal system. Figure 5 shows the effect of pH in the aqueous phase on the extractability of boric acid. Boric acid was quantitatively extracted in the different pH regions: i.e., pH 5.0 -9.5 with H2Br2sal and H2I2sal, pH 6 -10 with H2Brsal, and pH 8.0 -9.5 with H2sal.
In our previous work using H2sal, 40 the composition of the extracted species was determined to be a 1:1 ion-pair composed of TOMA + and B(sal)2 -by the mole-ratio method. The extraction equilibrium for boric acid in the lower pH region can be expected to be:
where Kex stands for the extraction constant. When the distribution ratio of boron is written as D = [TOMA·B(Xnsal)2]org/[B(OH)3], the following equation is derived from Eq. (7): 
where [Cl -] is kept constant at 0.10 M. Figure 6 shows the log D vs. pH plots based on Eq. (8) at the constant concentration of the extractants. A good linear relationship is obtained in every system and the slope of each straight line is very close to unity, as expected from Eq. (8) .
To determine the Kex values, we plotted log D against 2log[H2Xnsal]org + log[TOMACl]org + pH in Fig. 7 , in which the initial concentrations of H2Xnsal and TOMACl were independently varied and the equilibrium concentrations, [H2Xnsal]org and [TOMACl]org, were calculated using Kass, KD, and Ka. Straight lines with the slope of unity were obtained in all the systems. Therefore, Eq. (8) is valid, and the Kex values can be calculated from those plotted data and are listed in Table 1 (6th column). The Kex value increases in the following order: H2sal < H2Brsal < H2Br2sal ≤ H2I2sal. This result is principally explained by the fact that the stability constant of borate complex with diol compounds increases with increase in the acidity of the diols. 50 Since the highest Kex value was achieved by H2I2sal, the H2I2sal-TOMACl system was employed for the substoichiometric extraction of boric acid.
Substoichiometric extraction of boric acid
Since boric acid is extracted as TOMA·B(I2sal)2, two substoichiometric conditions can be considered: i.e., the system using an excess amount of H2I2sal and a substoichiometric amount of TOMACl, and vice versa. The system using an excess amount of H2I2sal and a substoichiometric amount of TOMACl was found to be most suitable by the computer simulation for the substoichiometric extraction curves using the KD, Ka, Kass, and Kex values. The extraction of boric acid (1.0 × 10 -4 M) with a substoichiometric amount of TOMACl (5.1 × 10 -5 M) was performed in the presence of an excess of H2I2sal (1.0 × 10 -2 M). Figure 8 shows the effect of pH on the substoichiometric extraction.
A constant amount of boric acid was substoichiometrically extracted at pH 5 to 9. The experimental plots were consistent with the solid line calculated from the Kex value, except for those in the higher pH region which deviated because of the ion-pair formation between TOMA + and HI2sal -as described above. The optimum pH was ascertained to be around 7.
The substoichiometric extraction with 5.2 × 10 -5 M TOMACl in the presence of 1.0 × 10 -2 M H2I2sal was applied to a series of solutions containing varying amounts of boric acid in order to examine the reproducibility of the substoichiometric extraction of boric acid from its solutions in different concentrations. Figure 9 shows that the amount of extracted boric acid increases with increase in the amount of boric acid in the aqueous phase up to the equivalence point for that of TOMACl used. Beyond this point, i.e., under the substoichiometric conditions, a constant amount of boric acid is extracted. The relative standard deviation (RSD) with respect to the reproducibility of the substoichiometric extraction of boron in 390 -2440 nmol is as low as 2.0%. The good reproducibility obtained in the present extraction system suggests the substoichiometric determination of boron in 100 nmol levels.
Effect of foreign ions
The effects of foreign ions on the substoichiometric extraction of 1.0 × 10 -4 M boric acid with 5.0 × 10 -5 M TOMACl and 1.0 × 10 -2 M H2I2sal were examined in the presence of various cations and anions. The amount of each ion added to the boric acid solution was in the level one-to thousand-fold of that found in common fertilizer. Table 2 shows the interference ratio (IR%) obtained by the substoichiometric extraction from the aqueous phase containing boric acid in the presence or absence of the coexisting ion. When the criterion for judging interference is the IR% value exceeding ±4%, no interference of most of metal ions and anions is observed except Cu 2+ and Mn 2+ . Table 2 also shows that the interference of both Cu 2+ and Mn 2+ can be readily eliminated using EDTA as a masking agent for those metal ions. As a result, the present substoichiometric extraction method is selective and applicable to the samples containing various common metal ions and anions without pre-separation of boric acid. In fact, it was ascertained that boric acid in micro-gram level can be accurately determined by the SIDMS in the presence of a mixture of the foreign ions shown in Table 2 .
Application to a fertilizer reference material
The proposed method was applied to a reference material, the high-analysis compound fertilizer (FAMIC-A-08). Table 3 shows the analytical result of the fertilizer sample. The substoichiometric extraction was performed for the test solution prepared by the official method of FAMIC, the enriched boron spike solution, and the mixture of the test solution with the spike solution, in which the reproducibility of the substoichiometric extraction followed by the ICP-MS measurement was as good as 0.96, 0.48, and 1.2% as RSD, respectively. The quantity of boron found is 824 ± 24 nmol (RSD = 2.9%) in the test solution (exactly 3 ml) and was used for the calculation of the B2O3 content in the high-analysis compound fertilizer. The value determined is 0.204 ± 0.006% and in good agreement with the certified value, 0.21% as B2O3, where 69.620 as a formula weight of B2O3 was used according to FAMIC. In comparison with the official method, which is spectrophotometry using azomethine H based on the comparative method, there are several advantages of the proposed method; (1) the quantitative recovery of boron from the test solution is not required, (2) no calibration curves are necessary, and (3) the determined value is not affected by the variation of the isotopic abundance of boron in samples.
Conclusion
The novel halogenated salicyl alcohol derivatives synthesized were effective complexing agents for boric acid and enabled one to extract it quantitatively from the aqueous solution to chlorobenzene over a wide pH range in the presence of a hydrophobic quaternary ammonium salt such as TOMACl. The present isotope dilution analysis based on the substoichiometric ion-pair extraction of boric acid with H2I2sal and TOMACl, followed by the ICP-MS measurement, can be applied in the rapid and reliable quantification of boron in practical samples without any calibration standards.
Supporting Information
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